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ABSTRACT
Plant cell cultures are typically grown in media supplemented with 3%
(w/v) sucrose and exhibit a non-green phenotype. I show that Arabidopsis
thaliana cell cultures remain green even at 15% (w/v) sucrose when grown in the
light and exhibit the major constituents of a normal photosynthetic apparatus.
However, growth in the light was inhibited when no exogenous carbon source
was

provided.

Gas

exchange

measurements

indicated

that

rates

of

photosynthesis never exceeded rates of respiration. Thus, these green cells grow
below

their

light

compensation

points.

However,

increasing

sucrose

concentration from 3% to 15% (w/v) decreased both photosynthetic efficiency
and capacity. Furthermore, the green cells exhibit reversible photoacclimation.
Energy partitioning measured by chlorophyll a fluorescence indicates that a large
portion of the light energy absorbed is dissipated by both antennae and
constitutive quenching mechanisms.

The results are discussed in terms of

sucrose sensing and its role in remodeling of the photosynthetic apparatus.
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fluorescence, sugar sensing
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1. INTRODUCTION
1.1 Photosynthetic Electron Transport
Photosynthesis constitutes a series of reactions whereby photosynthetic
organisms

utilize

light energy to convert atmospheric C 0 2 into sugars.

Photosynthetic electron transport is powered by light energy to produce reducing
agents used in the stroma to fix C 0 2 into sugars. The photosynthetic apparatus
in the thylakoid membrane is depicted in Fig 1. Within the thylakoid membrane is
a series of pigment-protein complexes that facilitate electron transport to yield
ATP and NADPH which are then used to reduce C 0 2 to sugars within the stroma
in the Calvin cycle.
The

photosynthetic

electron

transport

chain

is comprised

of two

photosystems, each consisting of a reaction centre, and light harvesting complex
(LHC),

the

cytochrome

bef complex,

and

two

mobile

electron

carriers,

plastoquinone (PQ) and plastocyanin (PC). PSII consists of a peripheral LHC, a
core antenna, reaction centre as well as an oxygen evolving complex.

The

majority of chlorophyll is bound to the peripheral LHC proteins Lhcb1-6. Lhcb1-3
form heterotrimers and make up the majority of the LHC, while Lhcb4-6 remain
as monomers and are far less abundant. LHC binds chlorophyll a, chlorophyll b,
carotenoids and xanthophyll pigments.

PSII also has a core antenna complex

that consists of CP43 and CP47 which only bind chlorophyll a and are closely
associated with the reaction centre.

The PSII reaction centre refers to a

specialized pair of chlorophyll molecules (Peso) that are bound to D1 and D2.
The PSI complex is similar to PSII in the sense that it also has a reaction centre
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Figure 1. Diagram of the photosynthetic electron transport chain located in the
thylakoid membrane within the chloroplast.

The photosynthetic electron chain

consists of two photosystems each made up of a light harvesting complex and
reaction centre that is connected by the cytochrome bef complex. Light energy
absorbed by the light harvesting complex is transferred to reaction centres to
induce charge separation. Electrons are shuttled between the two photosystems
by the mobile carriers plastoquinone (PQ) and plastocyanin (PC), via the
cytochrome b6f complex.

The electrons ultimately reduce NADP+ to NADPH,

which is then used in carbon fixation reactions in the stroma.

Photosynthetic

electron transport contributes to the proton gradient in the lumenal side, which is
coupled to ATP synthesis.

Black lines indicate the direction of electron flow.

(Courtesy of Dr. Denis Maxwell)
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Figure 1. Diagram of the photosynthetic electron transport chain located in the
thylakoid membrane within the chloroplast.

The photosynthetic electron chain

consists of two photosystems each made up of a light harvesting complex and
reaction centre that is connected by the cytochrome b c o m p l e x .

Light energy

absorbed by the light harvesting complex is transferred to reaction centres to
induce charge separation. Electrons are shuttled between the two photosystems
by the mobile carriers plastoquinone (PQ) and plastocyanin (PC), via the
cytochrome b6f complex.

The electrons ultimately reduce NADP+ to NADPH,

which is then used in carbon fixation reactions in the stroma.

Photosynthetic

electron transport contributes to the proton gradient in the lumenal side, which is
coupled to ATP synthesis.

Black lines indicate the direction of electron flow.

(Courtesy of Dr. Denis Maxwell)
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and LHC. The PSI LHC is made of homo and heterodimers of Lhca1-4 proteins.
The PSI reaction centre also consists of a specialized chlorophyll molecule (P700)
which is bound to PsaA and PsaB.
Light energy is absorbed in the LHC and transferred to the PSI I reaction
centre chlorophyll (Peso) to induce charge separation. One electron per photon of
light is transferred from P6so to pheophytin. The electron is then transferred to
Q a , which is the first stable electron acceptor, then to Q b , a mobile PQ.

PQ

accepts two electrons as well as two protons from the stroma before dissociating
from PSI I and passively diffusing though the thylakoid membrane to the
cytochrome

bef complex.

This

is considered

the

rate-limiting

step

of

photosynthetic electron transport since PQH2 must passively diffuse through the
thylakoid membrane.

At the cytochrome b6f complex, PQH2 is oxidized by

transferring one electron to the Fe-S centre and releasing the protons into the
lumen. The electron is subsequently transferred to cytochrome f before reducing
PC.

The second electron from PQH2 is recycled back via cytochrome £>6 to

reduce another semiquinone molecule.

Photosystem I (PSI) is also a pigment-

protein complex made up of a LHC and reaction centre. Light absorbed by the
Lhca is transferred to the PSI reaction centre chlorophyll, P700, inducing charge
separation. P7oo+ is reduced back to P700 by PC. The electron is transferred to
ferredoxin and ultimately reduces NADP+ to NADPH. The reduction of P68o+ from
PSI I is achieved by splitting H20 at the oxygen evolving complex to yield H+, e‘
and 0 2 (g), therefore oxygen is a bi-product of photosynthetic electron transport.
Photosynthetic electron transport creates a proton gradient across the thylakoid

4

membrane, which is coupled to ATP production. Therefore, the products of the
photosynthetic electron transport chain in the thylakoid membrane are both ATP
and NADPH.
In the stroma of the thylakoid, C 0 2 binds to ribuose-1,5-bisphosphate
(RuBP) which

is mediated

by the enzyme

(Rubisco) to form 3-phosphoglycerate.

RuBP-carboxylase-oxygenase

Through a series of redox reactions,

utilizing both ATP and NADPH produced from the photosynthetic electron
transport

chain,

3-phosophoglycerate

is

converted

to

glyceraldehyde-3-

phosphate, a triose phosphate (triose-P). Triose-Ps are able to either exit the
chloroplast through the triose-P translocator in the inner chloroplast membrane or
can stay in the chloroplast to be stored as starch.

For each molecule of triose-P

exported to the cytosol, one molecule of inorganic phosphate
the chloroplast at a 1:1 ratio.

(P i)

is imported into

Triose-P in the cytosol can be used to form

sucrose, which is the major transport sugar in plants (Lemoine 2000). Sucrose
biosynthesis results in the release of Pi in the cytosol.v Therefore, sucrose
biosynthesis is important in Pi cycling.
Photosynthesis harvests light energy to reduce atmospheric C 0 2 to usable
forms of carbohydrates for cell. This is how photoautotrophic organisms such as
plants and algae obtain energy to survive and grow. Since the main products of
photosynthesis are sugars, the accumulation of sugars has been hypothesized to
induce feedback inhibition to photosynthesis.
1.2 Chlorophyll Biosynthesis
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The green colour we see in plants and other photosynthetic organisms is
due to the pigment chlorophyll.

Chlorophyll serves to absorb light energy and

transfer it within the photosynthetic apparatus and is exclusively found in the
chloroplast. Specifically, chlorophyll is bound to proteins in the LHC of PSII and
PSI, the PSII core antenna and the reaction centres.

Unbound, or free-

chlorophyll is dangerous to a plant cell because of its ability to absorb light. If not
bound to the photosynthetic apparatus where absorbed light energy is coupled to
photosynthetic electron transport, excited chlorophyll may exist in triplet-species
form, leading to production of reactive oxygen species.
The chlorophyll molecule consists of a porphyrin head with a Mg2+ ion bound in
the middle and a phytol tail. The chlorophyll biosynthetic pathway is outlined in
Fig 2 and is reviewed in depth in Masuda and Fujita (2008) as well as Tanaka
and Tanaka (2007). The first step is the synthesis of 5-aminolevulinic acid (ALA)
from glutamic acid.

Two molecules of ALA are then condensed to form

porphobilinogen. A cyclic tetrapyrrole is formed by polymerizing four molecules
of porphobilinogen.

After subsequent decarboxylations and oxidation of

porphobilinogen, protophorphyrin IX is formed. At this stage, protoporphyrin IX
may either bind a Mg2+ or Fe2+ ion.

Insertion of Fe2+ results in the heme pre

cursor molecule and commits the molecule to the heme biosynthetic pathway,
whereas

insertion

of Mg2+ will commit the

molecule to the chlorophyll

biosynthesis pathway. After insertion of Mg2+, the molecule undergoes several
reactions including methylation, reduction and formation of the fifth cyclic ring to
form protochlorophyllide a. A specific reduction at one of the pyrrole-rings
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Phase II

Phase I

COOH

I
b
rchnm 2
COOH
Glutamic acid

5-Aminolevulinic acid (ALA)

Porphobilinogen (PBG)

Protoporphyrin IX

l

1
Phase IV

Figure 2.
biosynthesis.

j'-P h y t o lt a il

A simplified diagram depicting the major steps of chlorophyll
Chlorophyll biosynthesis begins with glutamic acid which is

converted to porphobilinogen. Four molecules of porphobilinogen are required to
protoporphyrin IX.

Insertion of Mg2+ commits this molecule to the chlorophyll

biosynthetic pathyway and protochlorophyllide a is produced.

Conversion to

chlorophyllide a is dependent on protochlorophyllide oxidoreductase which in
angiosperms, requires light and NADPH.

Finally, addition of the phytol tail

produces chlorophyll a. (Taiz and Zeiger2010).
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(Fig 2, ring D) by protochlorophyllide oxidoreductase (POR) results in production
of chlorophyllide a. In angiosperms, such as Arabidopsis thaliana, POR is light
dependent (Armstrong et al. 1995, Bauer et al. 1993), therefore, chlorophyll is
made only in the presence of light. The final step in chlorophyll biosynthesis is
the addition of the phytol tail to synthesize chlorophyll a. Chlorophyll a is readily
converted to chlorophyll b and vice versa (Matsuda and Fujita 2008, Tanaka and
Tanaka 2011).
Since the accumulation of free, unbound chlorophyll is detrimental, plants
synthesize chlorophyll and chlorophyll binding proteins in unison to prevent free,
unbound chlorophyll from existing in the chloroplast.

In fact, light-induced

expression profiles of chlorophyll biosynthetic enzymes and chlorophyll binding
light harvesting proteins are highly correlated (Matsumoto et al. 2004, McCormac
et al. 2001).

Chlorina f2, a chlorophyll b-less barley mutant showed significant

reduction in accumulation of Lhcbl, Lhcb2, Lhcb3, Lhcb4, Lhcb6, Lhcal, Lhca2,
Lhca3 and Lhca4 (Krol et al. 1999).

LCHII apoproteins are translated, but are

degraded unless bound to chlorophyll (Tanaka et al. 1993, Tanaka and Tanaka
2011).

Meanwhile, free, unbound chlorophyll is also degraded (Matsuda and

Fajita 2008). Therefore, neither chlorophyll nor chlorophyll binding apoproteins
are stable unless bound with one another.
1.3 Acclimation to Light
Photosynthetic organisms are capable of adjusting the structure, function
and composition of the photosynthetic apparatus in response to their light
environment.

Light energy captured by LFICs (energy source) must be in
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balance with energy utilized by nitrogen and carbon metabolism (energy sink). If
the amount of light energy absorbed is greater than what is required of
photosynthesis, an energy imbalance occurs, potentially leading to photodamage
of PSII and formation of reactive oxygen species (Hiiner et al. 1998). This
potential for energy imbalance is due to inherent differences in the rates of
photochemical and biochemical reactions. Photochemical reactions of PSII and
PSI occur at a faster rate (10'15 - 10'6 seconds) than biochemical reactions
involved

in

metabolism

photodamage,

plants

(10"3 seconds)

have

evolved

a

(Huner et
series

of

al.

1998).

To

mechanisms

avoid
termed

“photoacclimation” whereby they adjust their photosynthetic apparatus to
maintain energy balance between source and sink. Plants can photoacclimate by
either reducing the size of the PSII LHC, by increasing their metabolic sink
capacity, or by dissipating the excess energy as heat via the xanthophyll cycle
(Demmig-Adams and Adams 1996, Huner et al. 1998).
Photoacclimation is an example of how plants are able to remodel their
chloroplast structure and photosynthetic apparatus in response to environmental
changes.

Under normal circumstances, plants react to the environment and

adjust accordingly to prevent photo-damage.
1.4 Chlorophyll Fluorescence
Light absorbed by a chlorophyll molecule can undergo one of three fates;
it can either be used to induce photochemistry, dissipated as heat or it can be
emitted as light, which is known as chlorophyll fluorescence (Fig 3). At room
temperature, almost all of the chlorophyll fluorescence originates from PSII,

9

Fluorescence

PSII

Figure 3. Model diagram of PSII and possible fates of absorbed light energy.
Light energy absorbed by the PSII complex may undergo 1 of 3 possible fates.
Light energy may be used to drive photochemistry
the light harvesting centre

(O npq)

( cD p s ii ) ,

dissipated as heat in

or dissipated through constitutive quenching

which is thought to be associated with the reaction centre (Qf.o). (Modified from
Figure 1, courtesy of Dr. Denis Maxwell)

10

therefore making it a useful in vivo monitor of PSII performance (Govindjee
1995). Since these three pathways are in direct competition with one another, the
yield of chlorophyll fluorescence is inversely related to yields of photochemistry
and non-photochemical quenching.

Only a small fraction of absorbed light

energy is released as fluorescence (3%) (Barber et al. 1989, Latimer et al. 1956),
but measuring variations in chlorophyll fluorescence reveals changes in the
allocation of absorbed light energy (Baker 2008, Krause and Weis 1991, Maxwell
and Johnson 2000).

A typical room temperature chlorophyll a fluorescence

induction trace measured using the pulsed amplitude-modulated method is
shown in Fig 4 (Schreiber et al. 1995). A sample is dark adapted for at least 15
minutes prior to any measurements to deplete the photosynthetic electron chain
of electrons and to ensure that all PSII reaction centres are “open”. An “open”
reaction centre refers to the oxidized state of Qa [Z Peso Pheo Qa Q b]- Accepting
a photon of energy at the PSII reaction centre results in photo-oxidation of Peso to
P68o+ and the transfer of an electron to Qa - Once Qa has accepted an electron,
the reaction centre is said to be “closed” since it cannot safely accept another
photon of light energy [Z Peso+ Pheo Qa' Q b]-

Fo is the measure of the dark-

adapted background fluorescence in the presence of the measuring beam, a
weak pulse of light that is not strong enough to induce photosynthesis. Applying
a 800ms flash of saturating light (2800 pmol photons m'2 sec'1) closes all PSII
reaction centres and determines the maximal fluorescence yield under darkadapted conditions (Fm).

Once the actinic light is applied, the initial high

fluorescence yield decreases over a period of several minutes, stabilizing to a

11

Figure 4. Typical room temperature chlorophyll a fluorescence induction trace of
an A. thaliana cell suspension cultures grown in media supplemented with 3%
(w/v) sucrose. Sample was dark adapted for 15 minutes prior to recording the
fluorescence traces, (f) Actinic light on. (J.) Actinic light off.
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steady-state value (Fs). Applying saturating pulses while the actinic light is on
determines the maximal fluorescence yield during photosynthesis (Fm’). Finally,
removal of the actinic light allows for measurement of minimal background
fluorescence during photosynthesis (F0’)Equations have been derived from which one can quantify maximum
quantum efficiency of PSII (Fv/Fm), yield of PSII photochemistry ( 0 PSn), yield of
non-photochemical quenching associated with the LHC

( 0 Np q )

and yield of

constitutive energy quenching (<t>fo) from the fluorescence induction curves.
Energy

that

is

not

used

to

power

photosynthetic

electron

transport

(photochemistry) may be dissipated as heat either through antenna quenching
as NPQ or through constitutive quenching which is thought to be reaction centre
quenching. According to Hendrickson et al. (2004), energy partitioning may be
calculated as the following

O PS ii

= 1 - Fs/Fm’, 0 NPq = Fs/Fm’ - Fs/Fm and <t>f,D=

Fs/Fm.
The light harvesting complex quenching pathway

($

n Pq

)

is associated with

a group of pigments called the xanthophylls, which include violaxanthin,
antheraxanthin and zeaxanthin. Violaxanthin is able to convert to zeaxanthin via
the intermediate antheraxanthin (Niyogi et al. 1998). A decrease in lumenal pH,
which may be caused by excess light, activates violaxanthin de-epoxidase, which
converts violaxanthin to zeaxanthin (Demming-Adams and Adams

1996).

Zeaxanthin is unable to transfer energy to chlorophyll and instead, dissipates it
as

heat (Demmig-Adams and Adams

1992).

Therefore,

conversion of

vioaxanthin to zeaxanthin can potentially protect reaction centres from excess
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excitation energy.

This conversion is completely reversible and increasing

lumenal pH results in the conversion of xanthophylls pigments back into favour of
violaxanthin and normal energy transfer from antennae to reaction centre occurs
again (Niyogi et al. 1998).
Constitutive quenching (0 f D) is thought to be associated with PSII reaction
centres (Bukhov et al. 2001, Ivanov et al. 2008, Walter and Horton 1993).
Reaction

centre

quenching

is

thought

to

be

associated

with

charge

recombination between QA' and P68o+- It has been proposed that this charge
recombination is possible due to redox changes between QA and Q b, therefore
narrowing the free energy gap between the two electron acceptors (Ivanov et al.
2006, Minagawa et al. 1999).

This decrease in the free energy gap favours

accumulation of QA' therefore favouring reverse photosynthetic electron flow
(Sane et al. 2003). Under conditions of excess light, reaction centre quenching
may also serve as a protective mechanism to protect PSII reaction centres
(Ivanov et al. 2008).

V

1.5 Sugar Sensing/Signalling
Photosynthesis

ultimately

produces

sugars,

mainly sucrose.

The

accumulation of sugars has been shown in inhibit photosynthesis and the
biogenesis of the photosynthetic apparatus.
Suppression of photosynthesis due to end-product accumulation is
thought to be due to an inorganic phosphate
Pellny 2003, Pieters et al. 2001).

(P i)

limitation (Fig 5) (Paul and

When sucrose enters a plant cell, it is

hydrolyzed to glucose and fructose, which are then phosphorylated by the
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Figure 5.

Diagram of a plant cell depicting sucrose uptake and subsequent

phosphorylation of hexoses in the cytosol. It has been suggested that this
phosphorylation depletes the orthophosphate supply and thus inhibits the triosephosphate translocator in the inner chloroplast membrane.

In turn, ATP

synthesis is limited by orthophosphates in the chloroplast and ultimately, ATPdependent Calvin cycle reactions are inhibited. Pi is recycled in the chloroplast
through sucrose biosynthesis.

Triose phosphates exported into the cytosol

release Pi in the process of sucrose biosynthesis.
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enzyme hexokinase. The phosphorylation of cytosolic hexoses consume the Pi
supply in the cytosol and

therefore inhibits the triose-phosphate translocator

located in the inner chloroplast membrane. The triose-phosphate translocator
exchanges one cytosolic Pi for one triose-phosphate produced from carbon
reduction reactions (Calvin cycle). Pi in the chloroplast is required for ATP
synthesis, which is used in the Calvin cycle. Therefore, the Calvin cycle may be
limited by the Pi supply. Since sucrose synthesis in the cytosol recycles Pi, the
rate of sucrose synthesis can affect the amount of Pi available in the cytosol.
This Pj limitation can be exacerbated under conditions of high sucrose uptake
into the cell and low sucrose biosynthesis.
Sugar repression of greening in plants and tissue cultures have long been
documented (Dalton 1984, Edelman and Hanson 1971, Kaul and Sabharwal
1971, Schaffer et al. 1992).

It has also been shown that sugars are able to

repress transcription of many photosynthetic genes such as cab (chlorophyll
binding proteins), rbcs (small subunit of Rubisco) and atp-5 (subunit of thylakoid
ATPase) (Krapp et al. 1993, Sheen 1990).

Sugars even repressed rbcs

expression in the light, which normally induces its transcription (Cheng et al.
1992).

The notion that sucrose inhibits photosynthesis remains a key in our

understanding of sucrose sensing and signalling and is still under heavy
investigation (reviewed in Koch 1996, Koch 2004, Rolland et al. 2006, Smeekens
2000 ).
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Figure 6. Simplified diagram of putative sugar sensing pathways within a plant
cell.

Hexokinasel appears to have a dual role as both a glycolytic enzyme as

well as a repressor complex subunit in the nucleus.

The HXK1 repressor

complex in the nucleus is thought to repress photosynthetic gene transcription,
thus preventing biosynthesis of the photosynthetic apparatus.

Eleven bZIP

transcription factors that harbor a highly conserved upstream open reading frame
which inhibits translation of the transcription factor in the presence of sucrose.
Wiese et al (2006) suggested that transcription of any gene targets of the
transcription factors are therefore modulated by sucrose. (HXK1) Hexokinasel.
(bZIP TF) basic leucine zipper transcription factors whose translation is inhibited
by sucrose.
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There is mounting evidence supporting a role for hexokinase (HXK) as a sugar
sensor and signalling molecule responsible for repression of nuclear-encoded
photosynthetic genes (Fig.6).

Hexokinase overexpressing and antisense

transgenic A. thaliana plants display hyper and hypo-sensitivity to sugars
respectively (Jang et al. 1997).

Using 6-deoxyglucose and 3-O-methylglucose

(glucose analogs that are able to be transported across the plasma membrane
but are not substrates for HXK), did not induce a sugar response therefore,
transport across the plasma membrane is not enough to trigger a sucrose
response. However, in the presence of mannoheptulose, a competitive inhibitor
against HXK, sugar repression was relieved. Further downstream metabolism of
carbohydrates was shown not to be required since glucose-6-phosphate did not
elicit any sugar repression responses (Jang and Sheen 1994).

More recently,

HXK1 has been localized in the nucleus in association with two other proteins
directly acting as a repressor complex binding in promoter regions of CAB genes,
therefore repressing their transcription (Cho et al. 2006).
Specifically,

sucrose

has

been

shown

to

s
repress

translation

of

ATB2/AtbZIP11, a bZIP transcription factor (Wiese et al. 2004). This repression
is dependent on a upstream open reading frame that was found to be highly
conserved across plant species in many bZIP transcription factors (Wiese et al.
2004). Any gene targets of these transcription factors harbouring the upstream
open reading frame is thus regulated by sucrose (Fig. 6).
While HXK clearly acts as a sugar sensor and signalling molecule, there
appears to be an involvement with hormone signalling as well.

Genetic analysis
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of sugar response mutants has revealed that many are allelic to abi4, which has
a mutation in the gene encoding an AP2-type transcription factor (Rook et al.
2006).

ABI4 is a transcription factor important in abscisic acid (ABA) signal

transduction and transcription of abi4 is induced by glucose (Arroyo et al. 2003,
Finkelstein et al. 1998).

ABI4 is a putative repressor that binds to S-BOX

domains present in the promoters of many sugar-repressed photosynthetic
genes (Acevedo-Hernandez et al. 2005). The identification of ABI4 indicated that
hormone and sugar signalling converge in their transcriptional networks.
Furthermore, ethylene appears to be an antagonist to glucose signalling.
Constitutive ethylene mutants are glucose insensitive while ethylene insensitive
mutants exhibit glucose hypersensitivity (Zhou et al. 1998).
between

glucose

signalling

and

ethylene

signal

This crosstalk

transduction

is further

exemplified by the discovery that glucose and HXK repressed EIN3 transcription
(a key transcriptional regulator in ethylene signalling) (Yanagisawa et al. 2003).
In fact, glucose enhanced EIN3 degradation in vivo has been shown in both
maize and A. thaliana protoplasts (Yanagisawa et al. 2003). Most likely, further
genetic analysis of sugar sensing mutants will reveal an extensive network
between hormones and sugar signalling.
Although the study of sugar sensing / signalling is still being investigated,
it is appears that plants remodel and make physical changes to their chloroplast
and photosynthetic apparatus when concentrations of end-products are in
excess. Low rates of photosynthesis in high sugar conditions may be due to a
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phosphate limitation as well as a physical degradation or repressed synthesis of
the photosynthetic apparatus.
1.6 Plant Cell Cultures
Plant cell tissue cultures are made up of non-differentiated cells. The use
of tissue cultures have been exploited for their ease in maintenance and
manipulation. They are typically grown in media supplemented with micro and
macronutrients, growth hormones to stimulate non-differential cell division, and a
carbon source, typically 3% (w/v) sucrose (Encina et al. 2001, Gamborg et al.
1976, Murashige and Skoog 1962).

Since a carbon source is provided in the

media the process of photosynthesis is redundant and plant cell cultures typically
exhibit a non-green phenotype and grow as heterotrophs.
Plant tissue cultures can be generated from explants of seedlings, or
leaves in a chemically defined medium. Using intermediate ratios of the growth
hormones auxin and kinetin results in the proliferation of undifferentiated cells
(Skoog 1957). Cell cultures maintained on solidified medium are called “callus”,
while cultures grown in liquid media are “suspension cultures”. The culture under
investigation in this thesis, is an A. thaliana cell culture obtained from Dr. Greg
Moorehead from the University of Calgary that was generated by placing stem
explants onto callus inducing media which was supplemented with 2% (w/v)
glucose and auxin and kinetin were supplied at a 10:1 ratio (May and Leaver
1993). From the initial callus, suspension cultures were made by putting callus
cells into liquid media supplemented with 3% (w/v) sucrose and the same
auxin.kinetin ratio. Interestingly, after 8 months of continuous sub-culturing, the
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cultures turned green. These A. thaliana cell cultures are green when grown in
standard liquid or solid growth media containing 3% (w/v) sucrose and therefore,
do not appear to respond to exogenous sucrose that would normally trigger
sugar sensing / signalling pathways that would result in a white, or non-green
phenotype. It is this phenomenon that is the basis of my MSc research project.
1.7 Goal and Hypothesis
Plant cell cultures have been widely used since the 1960s and is a
valuable tool used to study plant biology.

Specifically, green A. thaliana cell

cultures have been used as a model system to study plant biology (Jaquinod et
al. 2007, Masakapalli et al. 2010, May and Leaver 1993, Meyer and Fricker
2002).

However, no one has addressed the fact that they remain green in the

presence sucrose. The first step in investigating why these cell cultures remain
green in the presence of sucrose is to characterize their photosynthetic structure
and function.
The goal of this research project is to address the following hypotheses:
1.

A. thaliana cell suspension cultures are green, just like the plants from
which

they

were

generated,

therefore,

they

are

able

to

grow

photoautotrophically in the absence of an external carbon source.
2.

A.

thaliana

cell

cultures

require

higher

than

normal

sucrose

concentrations (3% w/v) to repress expression of constituents of the
photosynthetic apparatus.
3.

If these green cells photosynthesize, they can also photoacclimate
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To test the above hypotheses, A. thaliana cell cultures will be grown without an
exogenous carbon source to determine if they are photoautotrophic.

The cell

cultures will also be grown in different sucrose concentrations, up to 15% (w/v),
to

determine

if

increasing

sucrose

concentration

represses

biosynthesis and/or synthesis of the photosynthetic proteins.

chlorophyll

To assess their

photosynthetic performance, gas exchange will be measured. Also, chlorophyll a
fluorescence will be measured to determine energy partitioning. If the cells can
photosynthesize, their ability to photoacclimate will be assessed by growing them
in different growth irradiances and measuring chlorophyll content and the
accumulation of chlorophyll binding proteins.
2. MATERIALS AND METHODS
2.1 Growth Conditions
A. thaliana (Ler) cell suspension cultures were obtained from Dr. Greg
Moorehead from the University of Calgary and were initiated as described in May
and Leaver (1993).

A. thaliana cell suspension cultures were grown in

Murashige and Skoog medium (Murashige and Skoog 1962) supplemented with
0.05 mg L'1 kinetin and 0.1 mg L'1 vitamin B as described in Encina et al. (2001).
Cell cultures were grown in Erlenmeyer flasks, at constant irradiance (30 ± 5
pmol photons m2 sec'1) at 25 ± 3°C. The flasks were maintained in an incubated
rotary shaker at 150 rpm.
A. thaliana (Col) wild-type plants were grown in soil at 20°C and was
watered every other day. The plants were grown in a 8 hr photoperiod at 250
pmol photons m'2 sec'1.
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2.2 Growth Kinetics
Growth was measured either as a change in relative density, fresh weight,
or total chlorophyll content as a function of time. Light scattering of the cells in
suspension was measured as relative density at 750 nm.

If the density of the

culture exceeded the sensitive range of the spectrophotometer (absorbance > 1),
the culture was diluted using dhfeO and the absorbance was multiplied by the
dilution factor to give relative density.

Two millilitres of cell suspension was

filtered on to Whatman No. 2 filter paper using a vacuum pump and tared fresh
weight was recorded. Chlorophyll was measured by aspirating the medium off
from 2 mL of cell suspension and then grinding in 100% (v/v) acetone.

After

centrifugation at 16,100 x g for 10 minutes, the supernatant was removed and
the absorbance was measured at 663 and 645nm, correcting for light scattering
at 750nm.

The equations of Arnon (1949) were used to calculate chlorophyll

concentration.
Exponential growth rates based on fresh weight, relative density and
chlorophyll content were calculated as the slope of the In transformed growth
rates versus time (days). Cells in the mid-log phase of growth were used for all
subsequent experiments.
2.3 SDS-PAGE and Western Blotting
SDS-PAGE and Western blotting was used to determine relative changes
in photosynthetic protein accumulation in response to changes in either sucrose
concentration or growth irradiance.

A. thaliana cells were harvested by

aspirating off the medium and then grinding the cells in 100% (v/v) acetone on
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ice. Leaves from wild-type plants were picked and ground in 100% (w/v) acetone
on ice. After centrifugation at 16,100 x g, the pellet was solubilized in 4% (w/v)
SDS and 0.3M Tris (pH 7.8) at a 1:20 ratio of chlorophyll:SDS.

Total protein

concentration was determined using the Pierce BCA assay according to the
manufacturers specifications (Thermo Scientific).

Prior to electrophoresis,

samples were mixed with an equal volume of loading buffer (2% (v/v) (3mercaptoethanol, 13% (v/v) glycerol and 0.5% (w/v) bromophenol blue) and
heated to 80°C for 10 minutes. Samples were centrifuged at 16,100 x g for 5 min
immediately prior to electrophoresis in order to pellet any insoluble debris. Either
20 pg of protein or 8 pg of Chi was loaded on a 15% (w/v) polyacrylamide gel
(6M urea, 0.66M Tris (pH 8.8)) to separate polypeptides. The polyacrylamide gel
was run using the Laemlli buffer system (Laemmli 1970) and a Mini-Protean II
apparatus (Biorad) at 75V for 3h.
Separated polypeptides on the gel were either stained (0.2% (w/v)
Coomassie Blue, 50% (v/v) methanol, 7% (v/v) acetic acid) for 1h before
destaging overnight, or were electrophoretically transferred to nitrocellulose
membranes (Bio-Rad, 0.2pm pore size) at 100V for 1h on ice. Membranes were
then blocked overnight at 4°C in Tris-buffered saline (TBS) (20mM Tris (pH 7.5),
150mM NaCI) containing 5% (w/v) milk powder and 0.01% (v/v) Tween 20.
Membranes were probed for the following antibodies obtained from Agrisera:
anti-Lhcb1 (at a 1:2000 dilution); anti-Lhcb 2 (at a 1:2000 dilution), anti-D1 (at a
1:5000 dilution); anti-PsaA (at a 1:1000 dilution); anti-PsaB (at a 1:2000 dilution)
and anti-PsaD (at a 1: 10 000 dilution). The anti-Rubisco used (at a 1:5000
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dilution) was custom designed by Dr. Norman Huner (Wilson et al. 2003).
Following incubation with the primary antibody, membranes were incubated with
a horseradish peroxidase conjugated secondary antibody (Sigma) at a 1:10 000
dilution.

Antibodies bound to protein were visualized using the Amersham

Biosciences ECL detection system (GE Healthcare) exposed on X-ray film (Fuji
Film).
2.4 Oxygen Evolution
To assess photosynthetic performance of A. thaliana cell cultures, gas
exchange was measured by using an oxygen electrode.

Gas exchange

measurements were made using a DW2 oxygen electrode system with a LH11/R
light probe (Hansatech Instruments, Norfolk, England).

The electrode system

was controlled using the Oxylab control unit and data were collected using the
Oxylab 32 v.1.15 software (Hansatech Instruments, Norfolk, England). Prior to
each measurement, the oxygen electrode was calibrated at 25C according to the
manufacturers specifications using dH20.

Cells were suspended and stirred in

1.5 ml_ of growth medium containing sodium bicarbonate at a final concentration
of 5 mM.

Subsequently, the cells were exposed to each irradiance (0 to 800

pmol photons m'2 sec'1) for 2 min during which, the rate of oxygen evolution was
measured.

Oxygen evolution rates were then normalized on a per total

chlorophyll basis.
2.5 Chlorophyll Fluorescence Imaging
Partitioning of absorbed light was determined by using chi a fluorescence.
A modulated imaging fluorometer (IMAGING-PAM, Heinz Walz GmbH, Efeltrich,
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Germany) was used for capturing the chlorophyll fluorescence images and
estimation of the maximal photochemical efficiency of PSII [Fv/Fm = (Fm - F0)/Fm]
in A. thaliana cell cultures as described by Ivanov et al. (2006). All chlorophyll
fluorescence measurements were performed in vivo at room temperature.
Fluorescence images were captured by a CCD camera (IMAG-K, Allied Vision
Technologies) featuring 640x480 pixel CCD chip size and CCTV camera lens
(Cosmicar/Pentax F1.2, f=12 mm). A Light emitting diode ring array (IMAG-L)
consisting of 96 blue LEDs (470 nm) provided standard modulated excitation
intensity of 0.5 pmol quanta m'2 s '1 (modulation frequency 1-8 Hz) for measuring
the basal (F0) chlorophyll fluorescence and a saturation pulse of 2400 pmol
quanta m"2 s'1 PAR for measuring the maximal chlorophyll fluorescence (Fm).
Partitioning of absorbed light energy was estimated according to the model
proposed by Hendrickson et al. (2004). The allocation of photons absorbed by the
PSII antennae to photosynthetic electron transport and PSII photochemistry was
estimated as 0 PSii = 1 - Fs/Fm’. Regulated ApH- and/or xanthophyll-dependent
non-photochemical dissipation processes within the PSII antennae (NPQ) was
calculated as: O npq = Fs/Fm’ - Fs/Fm. Constitutive non-photochemical energy
dissipation and fluorescence was calculated as <t>f,D= Fs/Fm.
2.6 Chlorophyll Fluorescence Induction
Do complement the Chlorophyll imaging data and to obtain induction traces
of A. thaliana cell cultures, chlorophyll fluorescence induction was measured using
a XE-PAM. Chlorophyll a fluorescence of dark adapted (15 min) A. thaliana cell
cultures was measured at 20°C using a XE-PAM chlorophyll fluorescence
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measuring system (Heinz Walz GmbH, Effeltrich, Germany) equipped with an
optical unit (ED-101US/M), a photodiode detector unit (XE-PD) consisting of a
10x10 mm PIN-photodiode (Hamamatsu) and a pulse preamplifier and a PAM
data acquisition system (PDA 100).

Sodium bicarbonate was added to the

samples immediately prior to measurements to a final concentration of 5mM.
Instantaneous (dark) chlorophyll fluorescence at open PSII centres (F0) was
excited by non-actinic modulated measuring beam (650 nm, 0.12 pmol photons m'
2 s'1) provided by a xenon-measuring flash lamp (XE-MF, Hamamatsu xenon
discharge lamp, Type L4641) and a BG39 blue-glass filter (Schott). Maximum
fluorescence at closed PSII centers (Fm) was induced by saturating white light
pulses (800 ms, 2800 pmol photons m'2 s'1) provided by an actinic/saturation light
unit (XE-AL). The actinic light corresponded to the growth irradiance of 100 pmol
photons m'2 s'1 PPFD. The nomenclature of van Kooten and Snel (1990) was used
for the parameters of Chi fluorescence.
2.7 Low temperature (77K) chlorophyll fluorescence emission spectra
To determine if there were changes in the ratio of PSII and PSI activity
between cultures grown in different sucrose concentrations, chi fluorescence
emission spectra was measured at

77K.

fluorescence

collected

emission

spectra

were

Low temperature (77K) Chi
using

a

PTI

QM-7/2006

spectrofluorometer (Photon Technology International, South Brunswick, NJ,
USA)

equipped

with

a

double

monochromator,

R928P

red-sensitive

photomultiplier tube (Hamamatsu Photonics, Shizuoka-ken, Japan) and a liquid
nitrogen device. A. thaliana cell cultures were suspended in growth media and
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frozen in liquid nitrogen in the presence of 30% (v/v) glycerol. Chi concentration
was 5-10 pg ml_‘1. Corrected fluorescence emission spectra were excited at 436
nm and recorded from 650 nm to 800 nm using a slit width of 2.5 nm for both
excitation and emission. All fluorescence emission spectra were corrected by
subtracting the spectrum of the frozen medium without cells.
2.8 Measurements of P 7 0 0 Redox Transients
To assess PSI activity, P700 redox transients were measured. The far-red
(FR) light-induced oxidation of P700 in A. thaliana cell cultures was determined in
vivo under ambient 0 2 and C 0 2 conditions using a PAM-101 modulated
fluorometer following the procedure of Klughammer and Schreiber (1991, 1994)
as described in detail by Ivanov et al. (1998). Far red light (FR; (max =715 nm,
10 W m-2, Schott filter RG 715) was provided by an FL-101 light source. The
redox state of P700 was evaluated as the absorbance change at 820 nm in a
custom designed cuvette. All measurements were performed at 20°C.
2.9 Transmission Electron Microscopy
The ultrastructure of A. thaliana cell cultures and leaves were examined
using transmission electron microscopy to determine if there were differences
between cultures and leaves. A. thaliana cells, harvested as described above,
and leaves were fixed and prepared from transmission electron microscopy as
described in Krol et al. (1984).

The samples were fixed with 2.5% (v/v)

glutaraldyhde buffered in Pi solution (0.02M Na2H P 04, 0.02M NaH2P 0 4, pH 7.0)
for 2h before washing 4 times with Pi solution.

The cells were then fixed and

stained in 2% (w/v) osmium tetraoxide buffered in Pi solution and 5% (w/v) uranyl
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acetate for 1h and then washed 4 times using Milli-Q water. Pelleted cells were
then suspended into 4% (w/v) agarose and allowed to solidify and the drops were
dehydrated using ethanol overnight.

The agarose blocks containing the A.

thaliana samples were then infiltrated and embedded with Spurrs resin (Spurr
1969). The blocks were then trimmed of excess plastic and thin sections (70nm
thick) were made using an ultratome before staining in lead citrate. Transmission
electron micrographs were taken with a AMT digital camera system (Advanced
Microscopy Techniques, Woburn, MA) attached to a Phillips CM-10 electron
microscope at 80kV.
2.10 Light Microscopy
Light micrographs of A.

thaliana cells grown

in different sucrose

concentrations were taken from cultures in mid-log phase of growth. Cells were
viewed using a Reichert Neovar microscope with a built-in light source equipped
with a Moticam 2500 5.0 M pixel camera (Motic, Richmond, British Columbia).
Images were viewed and magnification was calibrated using Motic Images Plus
v.2.0 (Motic, Richmond, British Columbia).
2.11 Statistical Analysis
All statistical analysis was performed using Origin software (Origin v7.0
Origin Lab Corporation, Northampton, MA). Significant differences between two
means were tested using a t-test, otherwise differences between more than two
means were tested using an analysis of variance (ANOVA) followed by the
Tukey’s post-hoc test. A p value of 0.05 was used for all analysis.
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3. RESULTS
3.1 Effect of Light and Sucrose Concentrations on Cell growth and Phenotype
Figure 7A-C illustrates growth curves, based on relative density, fresh
weight and chlorophyll concentration of cultures grown in 3% (w/v) sucrose in
either the light (open circles) or the dark (closed circles), as well as cultures
grown in the absence of sucrose in the light (closed triangles). In the absence of
sucrose, no cell growth was detected (Fig. 7A-C, closed triangle).

In the

presence of 3% (w/v) sucrose, cell growth was detected in cultures exposed to
light regardless of whether it was measured on the basis of Arelative density,
fresh weight, or chlorophyll concentration (Fig. 7). Cell cultures also grew in the
dark, but the growth rate was 33% lower in dark-grown versus light-grown cells
whether measured as AOD (t(7)=3.09, p<0.05) (Table 1, Fig. 7A, closed circles)
or on a fresh weight basis (Fig. 7B). However, cell cultures did not accumulate
chlorophyll when grown in the dark (Fig. 7C). Furthermore, minimal growth was
detected in cell cultures in the absence of an external carbon source even after
30 days in the light (Table 1, Fig. 8 open circles).
To assess the sensitivity of cell growth rates and phenotype on sucrose
concentration, all cultures were grown at a series of increasing sucrose
concentrations with all other conditions held constant. Cell cultures grown in the
light at either 3, 6, or 10% (w/v) sucrose exhibited similar growth rates that were
not statistically different (Table 1).

In contrast, the growth rate in 15% (w/v)

sucrose was reduced by 50% (F(3,15)=51.442, p<0.01) compared to cells grown
in 3% (w/v) sucrose (Table 1). Increasing sucrose from 3-15% (w/v) (Fig.8)
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Figure 7.

The effect of light and sucrose on growth of A. thaliana cell

suspension cultures in 3% (w/v) sucrose.

Growth was measured either as

changes in (A) relative density at 750nm, (B) fresh weight and (C) total
chlorophyll concentration. (O) A. thaliana cell cultures grown in media with 3%
(w/v) sucrose in the light.

( • ) A. thaliana cell cultures grown in media

supplemented with 3% (w/v) sucrose in the dark.

(A ) A. thaliana cell cultures

grown in the light, in media with no external carbon source. All data represent
the mean ± SE of at least 3 experiments.
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Figure 8.
cultures.

The effect of sucrose concentration on growth of A. thaliana cell
Cell cultures were grown in continuous light at 30 pmol photons m'2

sec'1 in medium supplemented with different concentrations of sucrose. Growth
was measured as changes relative density at 750nm as a function of time.
Cultures were grown in medium supplemented with either 0% (O), 3% (■ ), 6%
(# ), 10% (A ) or 15% (▼) (w/v) sucrose.
least 3 experiments.

All data represent the mean ± SE of at

Table 1.

The effect of sucrose concentration, light and carbon source on

exponential growth rates of A. thaliana cell suspension cultures.

Exponential

growth rates were calculated from growth curves measured as relative density.
Cell cultures were grown in continuous light (30 pmol photons m'2 sec'1) except
when grown in complete darkness (3% Dark). Cells grown in 3% (w/v) sucrose
were used to inoculate a flask of media with no carbon supplemented for the “0%
(w/v)” growth treatment. All data represent the average of at least 3 experiments
± S.E.

Within each section separated by horizontal lines, values followed by

different letters denote a significant difference (p<0.05)
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Carbon Source

Concentration (%)

Growth Rate
(^Relative Density day1)

Sucrose

3% (light)

0.432 ± 0.030a

Sucrose

3% (Dark)

0.289 ± 0.044b

Sucrose

0%

0.014 ± 0.015c

Sucrose

3%

0.432 ± 0.030a

Sucrose

6%

0.457 ± 0.056a

Sucrose

10%

0.379 ± 0.047a

Sucrose

15%

0.211 ± 0.014b

Sucrose

3%

0.432 ± 0.030a

Fructose

3%

0.327 ± 0.020a
V

Glucose

3%

0.180 ± 0.021b

Sucrose

3%

0.432 ± 0.030a

Sucrose

10%

0.388 ± 0.015a

Sucrose/
Mannitol

3%/
7%

0.263 ± 0.009b

Mannitol

10 %

0.013 ± 0.001c
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increased the duration of the lag phase such that cells grown in 15% (w/v)
sucrose (Fig. 8, closed inverted triangles) required up to 12 days before entering
exponential phase of growth.

Despite the differences in growth rates and lag

period, Arelative measured at the stationary phase was similar in all cultures (Fig.
8, closed symbols).
Although cells grown in the dark exhibited a yellow phenotype (Fig. 9A,
3%D), increasing sucrose concentration from 3% to 15% (w/v) had no effect on
the green phenotype based on chlorophyll content of A. thaliana cell cultures
(Fig. 9A), as they all accumulated chlorophyll to similar concentrations (20.7 ±
1.3 pg m l'1). Light micrographs revealed that these cells grow mostly in clumps
and basic cell structures such as the cell wall, chloroplasts and vacuole were
evident (Fig. 9B-C). Transmission electron micrographs confirmed the presence
of chloroplasts in cells grown in 3% (w/v) sucrose. However, these chloroplasts
exhibited decreased granal stacking (Fig. 9D) compared to chloroplasts of A.
thaliana leaves (Fig. 9E). No obvious change in cell size was observed between
cultures grown in media supplemented with different sucrose concentrations.
While the cell cultures were able to grow when supplemented with either
sucrose, fructose or glucose, exponential growth rates were significantly lower in
the presence of either fructose (27%) or glucose (58%) as the carbon source
compared to cells grown in the presence of 3% (w/v) sucrose (F(2,10)=19.266,

Figure 9. (A) Photograph of A. thaliana cell suspension cultures in mid-log phase
of growth.

Numbers represent the percent of sucrose added to the growth

medium. All cell cultures were grown in continuous light (30 pmol photons m'2
sec'1) except where marked “D” which was grown in the absence of light. (B-C)
Light micrographs viewed at 100x oil immersion magnification of cells grown in
media supplemented with (B) 3% (w/v) and (C) 15% (w/v) sucrose in the
presence of light.

(D-E) Electron micrographs of cells grown in media

supplemented with (D) 3% (w/v) sucrose and (E) wild-type leaves. The cell wall
(W), chloroplast (C), vacuole (V), thylakoid membrane (T), cytosol (CY) and
starch (S) are labelled on micrographs of 100x magnification and higher where
visible.

9Í

37

p<0.001) (Table 1). However, cultures grown in media supplemented with 10%
(w/v) mannitol exhibited minimal growth rates and chlorophyll accumulation
(Table 1, Fig. 10 inverted triangles).

Furthermore, cell cultures grown in the

presence of 3% (w/v) sucrose supplemented with 7% (w/v) mannitol exhibited a
30 to 40% reduction in growth rate compared to cultures grown in either 3% or
10% (w/v) sucrose alone (Table 1, Fig. 10 triangles).
3.2 Effect of Sucrose Concentration on Photosynthetic Performance
Photosynthetic performance of A. thaliana cell cultures was assessed by
generating light response curves for as C 0 2-saturated, light-dependent 0 2
evolution (Fig. 11). Regardless of sucrose concentration in the growth medium,
light saturated rates of net photosynthesis never reached or exceeded rates of
respiration (Fig. 11 A).

The data for gross photosynthesis (Fig. 11B) indicated

that increased sucrose concentrations inhibited both photosynthetic capacity and
the apparent quantum yield for 0 2 evolution by up to 70% relative to cells grown
at 3% (w/v) sucrose (Fig. 11B; Table 2). Photosynthetic capacity was measured
as the maximum light-saturated rates of 0 2 evolution and the apparent quantum
yield for 0 2 evolution was measured as the maximum initial slope of the light
response

curve.

Similarly,

rates of dark

respiration,

measured

as 0 2

consumption, were inhibited by up to 67% in cells grown at 15% (w/v) sucrose
relative to cells grown at 3% (w/v) sucrose (Fig. 11A; Table 2).
Analysis of quenching data from room temperature Chi a fluorescence
induction curves were used to calculate rates of photosynthetic electron transport

38

Figure 10. The effect of mannitol on growth of A. thaliana cell cultures.

Cell

cultures were grown in media supplemented with either 3% (w/v) sucrose (■),
10% (w/v) sucrose ( • ) , 3% (w/v) sucrose plus 7% (w/v) mannitol (A ), or 10%
(w/v) mannitol (▼) in continuous light (30 pmols photons m'2 s e c 1).
measured as relative density at 750nm as a function of time.
the mean ± SE of at least 3 independent experimental replicates.

I

Growth was

Data represents
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Irradiance (nmol photons m'2 s'1)

Irradiance (pmol photons m'2 s'1)

Figure 11. The effect of sucrose concentration on photosynthetic performance.
A. thaliana cell suspension cultures were grown under constant irradiance (30
pmol photons m'2 sec'1), in media supplemented with either 3% (■ ), 6% ( • ) ,
10% ( A ) or 15% (w/v) (▼) sucrose.

(A) Light response curves for net

photosynthesis measured as CO 2 saturated O 2 evolution and (B) gross
photosynthesis. (C) Light response curves for photosynthetic electron transport
and excitation pressure (D) were measured using room temperature Chi a
fluorescence. All data represent the mean ± SE of at least 3 experiments.

Table 2.

The effect of sucrose concentration on respiration, photosynthetic

quantum yield and light saturated rates of photosynthesis

of A. thaliana cell

suspension cultures grown in media supplemented with different concentrations
of sucrose and grown in continuous light (30 pmol photons m'2 sec'1). Rates of
respiration were calculated as rate of oxygen consumption in complete darkness.
Quantum yield of photosynthesis and light saturated rates of photosynthesis
were calculated from gross photosynthesis light response curves.

Maximum

photochemical efficiency of PSII (Fv/m) was calculated as (Fm - F0)/Fm from
chlorophyll a induction traces measured at 100 pmol photons m'2 sec'1. Within
each column, means followed by different letters are significantly different
(p<0.05). Data represents the mean ± SE from at least 3 experiments. Within
each column, values with different letters represent a significant difference
(p<0.05).

S ucrose

Respiration
(pm ol 0 2 h r 1 mg
Chi-1 )

A pparent Q uantum Yield o f
0 2 Evolution (pm ol 0 2
evolved m2 sec pm ol
photons-1 h r 1 mg C hi-1)

Light Saturated Rate
o f P hotosynthesis
(pm ol 0 2 evolved h r 1
mg C hi-1 )

Fv/Fm

3%

272.6 ± 16.2a

2.40 ± 0.18a

217.1 ± 23.3a

0.73 ± 0.01a

6%

254.1 ± 24.2a

1.60 ± 0.16b

193.8 ± 16.8ab

0.74 ± 0.01a

10%

107.8 ± 15.0b

0.54 ± 0.05c

62.0 ± 24.2b

0.74 ± 0.02a

15%

90.5 ± 21b

0.74 ± 0.08bc

64.2 ± 15.0b

0.59 ± 0.06b
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(Baker 2008, Genty et al 1989, Krause and Jahns 2003). Typical fluorescence
induction curves are illustrated in Fig 12A.

Maximal photochemical efficiency of

PSII, measured as F v/Fm was reduced by up to 25% in cultures grown in 15%
(w/v) sucrose compared to those grown in 3% (w/v) sucrose (Table 2; Fig 12AB).

Light saturated rates of PET as well as the quantum yield for PET were

inhibited by up to 50% when cells were grown at 15% versus 3% (w/v) sucrose
(Fig. 11C) which is consistent with the light response curves for O 2 evolution (Fig.
11B).

Concomitantly, increasing sucrose concentration led to an increase in

excitation pressure, measured as 1-qP (Fig. 11D) and a decrease in the quantum
requirement for PSII reaction centre closure calculated as the irradiance required
to close 50% of the PSII reaction centres. For example, at an irradiance of 380440 pmols photons m"2 sec"1, 50% of the reaction centres were closed in cells
grown in either 3% or 6% (w/v) sucrose.

In contrast, to close 50% of reaction

centres in cells grown in either 10% or 15% (w/v) sucrose, a light intensity of only
80-150 pmols photons m"2 sec"1 was required (Fig. 11D).
3.3 Effect of Sucrose Concentration on Energy Partitioning
Energy

partitioning

between

PSII

photochemistry

(O psii),

non-

photochemical quenching (O npq) and constitutive quenching (Of,o) of A. thaliana
cell cultures grown at different sucrose concentrations is illustrated in Fig 12C
and Fig 13. As a function of increasing irradiance, cells grown in either 3% or 6%
(w/v) sucrose exhibited

higher photochemical yields of PSII compared to cells

grown in either 10% or 15% (w/v) sucrose (Fig. 13A). Concomitantly, cells grown

Figure 12. Typical room temperature chlorophyll a fluorescence induction traces
of A. thaliana cell suspension cultures grown in media supplemented with 3%
(w/v) (A) and 15% (w/v) (B) sucrose.

Cell cultures were dark adapted for 15

minutes prior to recording the fluorescence traces,

(f) Actinic light on. Q) Actinic

light off. F0 values were measured from the steady state fluorescence signal
detected when only flashing the measuring beam. Flashing a saturated pulse in
the absence of actinic light led to a sharp increase in fluorescence, the maxima
representing Fm. Steady state maxima values obtained by flashing a saturated
pulse in the presence of the actinic light represented Fm\ while the steady state
fluorescence signal in between flashes represented Fs. The fluorescence signal
after the actinic light was turned off represented the F0’ value.

(C) Energy

partitioning of cultures grown in various sucrose concentrations measured at 100
pmol photons m'2 s e c 1. Yield of photochemical quenching (O psh) was calculated
as 1-(FS/F’m); yield of non-photochemical quenching (O npq) was calculated as
(Fs/F’m) - (Fs/Fm) and yield of constitutive quenching Of,o was calculated as
Fs/Fm.
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Sucrose

Figure 13. The effect of sucrose concentration on energy partitioning of A.
thaliana cell suspension cultures.

A. thaliana cell suspension cultures were

grown under constant light (30 pmol photons m'2 sec'1) and in a medium
supplemented with varying sucrose concentrations: 3% (■ ), 6% ( • ) , 10% (A ) or
15% (w/v) (▼). Energy quenching by (A) photochemical, (B) non-photochemical
and (C) constitutive pathways were measured. All data represent the mean ± SE
calculated from at least 3 experiments.
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in either 3% or 6% (w/v) sucrose had lower yields of non-photochemical
quenching

(O npq)

as well as lower yields of constitutive quenching (<t>f,D,) when

compared to cells grown in either 10% or 15% (w/v) sucrose (Fig 13B,C). The
same trend is shown in Fig 12C measured at a single irradiance of 100 pmol
photons m'2 sec"1. However, in contrast to O npq, light saturated levels of 0 fiD
were significantly higher by up to 28% in cells grown in either 10% or 15% (w/v)
sucrose than cells grown in either 3% or 6% (w/v) sucrose.

Therefore, cells

grown in 10% or 15% (w/v) sucrose appear to have a reduced yield of PSII
photochemistry because a greater proportion of the absorbed energy is
dissipated by NPQ and constitutive quenching.
3.4 Effect of Sucrose on Energy Distribution between PSII and PSI
Low temperature (77K) fluorescence spectra of A. thaliana cell cultures
grown in media supplemented with different sucrose concentrations were
measured to examine energy distribution between PSII and PSI (Figure 14). All
V
cultures exhibited emission maxima at around 685 and 730 nm representing PSII
and PSI respectively (Krause and Weiss 1991, Siefermann-Harms 1988). Using
the integrated area under the peaks to quantify the signal from both PSII and
PSI, it was apparent that the ratio of PSII: PSI decreased by up to 45% with
increasing sucrose concentration.
To assess the activity of PSI, the relative redox state of

P 70o

was

measured (Klughammer and Schreiber 1991, 1994). Using far-red (FR) light to
preferentially excite PSI, an increase in AA820/A 820 was measured indicating the
oxidation of

P 7oo-

However, the steady state

P 70o oxidation

levels, estimated as
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650

700

750

800

Emission W avelength (nm)

Figure 14. The effect of sucrose concentration on energy distribution between
PSII and PSI.

Low temperature (77K) chlorophyll emission spectra were

collected of A. thaliana cell suspension cultures grown in medium supplemented
with either 3% (solid line), 6% (dashed line), 10% (dotted line) or 15% (w/v)
(dash-dotted line) sucrose. All cultures were grown under continuous light (30
pmol photons m'2 sec'1). Chlorophyll was excited at 436 nm and emission was
recorded from 650 to 800 nm.

All spectra were corrected for the wavelength

dependence of the detector. Each spectrum represents an average of at least 3
replicates.

49

AA82o/A82o after the FR light was turned on, remained fairly constant (79.0 ± 8.9
relative units) regardless of sucrose concentration.
3.5 Effect of Sucrose on Polypeptide Composition
SDS-PAGE

and

immunoblots were

used to determine

if sucrose

concentration affected the protein composition of the photosynthetic apparataus
of A. thaliana cell cultures (Fig. 15).

Wild-type A. thaliana leaves and cell

cultures grown at different sucrose concentrations all contained D1, PsaA,
Lhcb2, and Rubisco. WT leaves accumulated more of each protein on an equal
chlorophyll basis when compared to the cell cultures.

Increasing sucrose

concentration from 3 to 15% (w/v), led to a 10% to 25% reduction in
accumulation of D1, PsaA and Rubisco.

In contrast, increasing sucrose

concentration had no major effect on Lhcb2 accumulation.
3.6 Photoacclimation
As a further characterization of these green, photosynthetic A. thaliana cell
cultures, their ability to photoacclimate was assessed. All cultures were grown in
media supplemented with 3% (w/v) sucrose, and grown in continuous light at
either 30, 100, 300 or 500 pmols photons m'2 sec'1 (Fig. 16). Increasing growth
irradiance from 30 to 100 pmols photons m'2 sec'1 resulted in a 50% decrease in
chlorophyll content and increasing the growth irradiance to 500 photons m'2 sec'1
resulted in a yellow culture with minimal chlorophyll content.

Furthermore, this

phenotypic change was completely reversible when high-light cultures were
shifted back to control growth irradiance of 30 pmol photons m'2 sec'1 (data not
shown).

However, regardless of their chlorophyll concentration or growth
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irradiance, all cultures maintained a similar growth rate of 0.17 ± 0.02 Arelative
density day'1.
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10 iülM

L

B

3%

6%

10%

15 %

Figure 15. (A) Coomassie stained SDS-PAGE. Polypeptides were separated on
a 15% (w/v) polyacrylamide gel.

Total cell protein samples of A. thaliana cell

suspension cultures and wild-type leaves were loaded on an equal chlorophyll
basis (8pg Chi per lane).

Cell cultures were grown in constant light (30 pmol

photons m'2 sec'1), in media supplemented with various sucrose concentrations:
3, 6, 10, 15% (w/v).

(B) Immunoblots of photosynthetic polypeptides of A.

thaliana cell suspension cultures and wild-type leaves.

The above numbers

represent the percentage (w/v) of sucrose supplemented in the medium.
apparent molecular weight is indicated on the right.

The
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A

B

30

100

300
26 kDa

Lhcb2

Figure 16. Effect of growth irradiance on phenotype of A. thaliana cell
suspension cultures.

(A) typical photographs of A. thaliana cell suspension

cultures grown in media supplemented with 3% (w/v) sucrose. Cell cultures were
grown at 25C in constant light, the growth irradiance is indicated below each
culture flask.

(B) Immunoblot of Lhcb2 of cell cultures grown at different

irradiances as indicated above each band. The apparent molecular weight (kDa)
is indicated on the right.
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4. DISCUSSION
Despite their green phenotype, it is clear that A. thaliana cell suspension
cultures grow heterotrophically.

When provided with sucrose, the cultures are

able to maintain substantial growth rates when grown in the dark compared to
light grown cells, showing that light is not required for growth. However, when no
sucrose was provided to light grown cultures, growth was significantly inhibited.
In fact, growth of A. thaliana cell suspension cultures is dependent on an external
source of carbon but not photosynthesis. Therefore, green, A. thaliana cell
cultures cannot grow photoautotrophically when supplied with atmospheric level
CO 2 as their carbon source.
Even though green A. thaliana cell cultures grow heterotrophically, their
phenotype is indicative of a photoautotroph. These cell cultures not only produce
chlorophyll, but also appear to have a normal photosynthetic apparatus exhibiting
the major components of PSI, PSII as well as Rubisco.

Growth of the cell

cultures in media supplemented with up to 15% (w/v) sucrose still had no effect
on chlorophyll accumulation. Previous studies have shown that when plants are
grown in such high concentrations of external sugars, chlorophyll biosynthesis is
repressed (Jang et al. 1997, To et al. 2003, von Schaewen et al 1990). In our
experiments, however, A. thaliana cultures still accumulate chlorophyll even at
five times the normal sucrose concentration required to inhibit the green
phenotype of other cell cultures.

Increasing sucrose concentration led a

decrease in growth rate and a longer lag period, which is reflected in a reduction
in respiration rates as a function of sucrose concentration. This however, is most
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likely an osmotic effect. When cells were grown in a combination of 3% (w/v)
sucrose and 7% (w/v) mannitol, a non-metabolizable sugar, the growth rate was
lower than cells grown in either 3 or 10% (w/v) sucrose.
The antibodies chosen for immunoblot analysis were specific for proteins
from the reaction centres of both photosystems, a chlorophyll binding protein
from the LHC of PSII as well as Rubisco, which is the enzyme that binds CO 2 .
Immunoblots showed that regardless of sucrose concentration, A. thaliana cell
cultures exhibit the major constituents of a normal photosynthetic apparatus just
like a wild-type leaf (Fig 15A).

Increasing sucrose concentration however, did

partially repress expression of some of the photosynthetic proteins. The greatest
decrease w as seen in D1, the reaction centre protein of PSII, while the
accumulation of PsaA, Lhcb2 and Rubisco were less sensitive to sucrose
concentration. Decreased levels of D1 protein accumulation could be indicative
of photodamage to the PSII reaction centre.

PSII reaction centres may be

damaged upon accepting an exciton when QA is in its reduced state (Huner et al.
1998).

The notion that increasing sucrose concentration results in photo-

damaged PSII is complemented with the data that shows increasing sucrose
concentration results in increased excitation pressure and decreased Fv/Fm
values.

Chi fluorescence light response curves indicated that 1-qP increased

with sucrose concentration. Since 1-qP is a measure of the fraction of QA in its
reduced state, it is also a measure of the fraction of reaction centres that are
closed. Thus, the increasing sucrose concentration results in closure of PSII
reaction centres. The decrease in Fv/Fm values indicated that increasing sucrose
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concentration resulted in a reduction of the photochemical efficiency of PSII. As
a repair mechanism, plants will degrade the damaged D1 protein and undergo de
novo synthesis of a new D1 protein to be reinserted into the reaction centre
(Melis 1999, Sundby et al. 1993, Vasilikiotis and Melis 1994).

Therefore, the

reduction in D1 accumulation could be indicative of high rates of degradation due
to photodamaged PSII reaction centres.

Increasing sucrose concentration

resulted in decrease of 45% in the PSILPSI ratio shown in the 77K fluorescence
data.

This reduction in the ratio is due to a decrease in PSII, as opposed to

increase in PSI.

The decrease in D1 protein accumulation as well as the

reduction in PSII photochemical yield reflects the decrease in the PSII signal.
Increasing sucrose concentration did not lead to increased abundance of PsaA,
the PSI reaction centre protein. In fact, protein accumulation of PsaA decreased
and P70o redox transient measurements showed no difference between cultures
grown in increasing sucrose concentrations.
Electron micrographs of the cultures grown in sucrose show developed
chloroplasts complete with thylakoid membranes but minimal granal stacking.
However, compared to a wild-type leaf, there appeared to be fewer thylakoids
together per granum. Furthermore, room temperature Chi a induction curves for
cells grown at 3% (w/v) sucrose looked remarkably normal to a wild type leaf,
suggesting that the photosynthetic apparatus is in fact functional (Baker and
Rosenqvist 2004). Light response curves of oxygen evolution as well as electron
transport show that these green cultures are in fact photosynthesizing, albeit at
low levels such that light saturated rates of photosynthesis never exceed the rate
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of respiration. Thus, light-grown A. thaliana cell cultures grow below their light
compensation point, which is consistent with other data that indicate these green
cells grow heterotropically.
Interestingly, while sucrose did not affect the green phenotype of A.
thaliana cells, the light response curves show a sucrose effect on photosynthetic
performance (Fig 11).

Increasing sucrose concentration resulted in a dramatic

decrease in both photosynthetic efficiency, as estimated by the apparent
quantum yield of 0 2 evolution, as well as photosynthetic capacity, as estimated
by the light saturated rate of 0 2 evolution.

This decrease in photosynthetic

efficiency was not accompanied by a reduction in Lhcb2 accumulation.

A

decreased light harvesting complex should result in a reduced capacity to absorb
photons of light under light limiting conditions. This inhibition of photosynthetic
efficiency and capacity appears to be correlated with a 10-25% decline in the
accumulation of Rubisco, as well as D1 and PsaA.
Green A. thaliana cell suspension cultures exhibit a normal complement of
photosynthetic pigments and proteins but low photosynthetic activity.

The

extremely low levels of photosynthesis can explain why these cell cultures are
not able to grow photoautotrophically. However, the question then remains: what
is the fate of the absorbed light energy?

Oxygen evolution and Chi a

fluorescence measurements confirmed that the photosynthetic apparatus is
functional. However, since growth rates of dark-grown cultures are comparable
to light-grown cultures, it appears that only a small fraction of absorbed light
energy is used for growth. Energy partitioning data show that a large portion of
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the energy absorbed is in fact dissipated as heat, mainly through the constitutive
quenching pathway, as opposed to being used for photochemistry (Fig 12, Fig
13). This is consistent with the very low rates of oxygen evolution since oxygen
is produced during photosynthetic electron transport.

Increasing sucrose

concentration resulted in a smaller fraction of absorbed light energy used for
photochemistry.

Concomitantly, increasing sucrose concentration resulted in

more of the absorbed energy being dissipated, which accounts for the reduction
in the efficiency and capacity of both photosynthetic 0 2 evolution
photosynthetic electron transport.

and

Thus, only a small fraction of the absorbed

light is used for photochemistry, photosynthesis and growth.
This leads to an interesting conundrum.

Why do these A. thaliana cell

cultures produce a photosynthetic apparatus at all when supplied with abundant
external sucrose?

To synthesize and assemble a photosynthetic apparatus

simply to dissipate absorbed light energy appears to be a waste of energy
resources. While the exact mechanisms of sucrose sensing/signalling remain to
be elucidated, there is mounting evidence for the dual role of hexokinase (HXK1)
as both an enzyme involved in glycolysis, as well as a signaling molecule
responsible for down regulation of photosynthetic gene expression in the
presence of glucose (Jang et al. 1997, Jang and Sheen 1994, Moore et al. 2003).
HXK1 has been shown to function within a protein complex inside the nucleus
(Cho et al. 2006).

It is thought that HXK1 binds upstream of cab2/3, which

encodes chlorophyll binding proteins, repressing their transcription (Cho et al.
2006). While HXK1 appears to be a glucose sensor and signaling molecule in
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plants, sucrose, specifically has been shown to repress the translation of
ATB2/AtbZIP11, a group S basic region leucine zipper domain of a transcription
factor (Wiese et al. 2004).

This sucrose induced repression of translation is

dependent on an upstream open reading frame (uORF) that encodes a 42 amino
acid peptide that was found to be highly conserved among many species of
plants (Wiese et al. 2004).

Wiese et al. (2004) proposed that any bZIP

transcription factor containing that uORF would then be regulated by sucrose.
Furthermore, since sugar sensing has been tied into hormone signaling, sugar
sensing mutants may also be dysfunctional in hormone biosynthesis or signaling,
such as the case with the constitutive ethylene mutant, which exhibits a glucose
insensitive phenotype (Zhou et al. 1998).
uncoupling

between

sugar

I suggest that there must be an

sensing/signaling

and

the

repression

photosynthetic genes in green A. thaliana cell suspension cultures (Fig 17).

of
If

HXK1 is in fact responsible for repression of photosynthetic gene expression, it is
possible that in these green A. thaliana cell cultures, HXK1 is missing. Perhaps
this cell culture is an example of a HXK1 knock-out or null mutant.

It is also

possible that some mutation in HXK1 has disabled its ability to enter the nucleus
and act as part of the repressor complex, thus, resulting in constitutive
expression of photosynthetic genes.

A mutation in the uORF in bZIP

transcription factors could also result in the constitutive expression of genes that
the transcription factor targets.

Normally, in the presence of sucrose, the

translation of bZIP transcription factors harboring the uORF (Wiese et al. 2004) is
inhibited therefore, inhibiting transcription of its target genes. Perhaps this has

59

Plasma Mem brane

______ SUCROSE

Photosynthetic
gene transcription

PS Apparati^
Chloroplast
Remodelling

\
K
Cytosol

N _

GLYCOLYSIS ~

HXK1

J

__________

Invertase

__________

GLUCOSE < --------- 3 ^ - SUCROSE«
^

FRUCTOSE

2

Figure

17.

Diagram

of proposed

mechanisms resulting

SUCROSE

?
in a phenotype

unresponsive to sugar induced repression of photosynthesis. (HXK1) Hexokinase
1. (bZIP TF) bZIP transcription factors that are translationally controlled by
sucrose.

Without the black “X” s, this diagram represents normal sucrose
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been disrupted, resulting in a constitutive green phenotype in the presence of
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occurred as a consequence of the initial generation of these cell cultures (May
and Leaver 1993) due to either some unknown mutation or epigenetic event
affecting HXK1. It is interesting to note that according to May and Leaver (1993),
the suspension culture turned green 8 months after their generation.

This

indicates that perhaps the culture was sensing and responding to external sugars
initially and then at some point in time, stopped. Regardless, these A. thaliana
cell cultures continue to be exploited for physiological and biochemical
experiments (Jaquinod et al. 2007, Kruger et al. 2007, May and Leaver 1993,
Meyer and Fricker 2002) under the assumption that they represent a convenient
single cell system for wild-type A. thaliana plants.

These results show that

caution should be exercised in the use of these cell cultures in physiological
experiments.

In contrast, based on my results, these A. thaliana cell cultures

represent an excellent biological system to examine potential mechanisms that
allow plant cells to circumvent the normal sugar sensing/ signalling pathway to
repress the expression of photosynthetic genes.
This characterization shows that cell cultures do not necessarily function
and act like the whole plants they come from.

Somehow, establishing a cell

culture has caused these cells to act and respond differently than their multi
cellular counterparts from which they originate.

Most interestingly, May and

Leaver (193) reported that these cell cultures turned white 8 months after
generation from plants. This suggests that before turning green, the cells were
exhibiting a normal white or non-green phenotype in the presence of sucrose.
Within the first eight months of generating this culture a mutation must have
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occurred to disrupt sugar sensing / signaling and that mutation propagated to
create the green cell culture I have described. What is interesting is that even
though the green phenotype and photosynthetic apparatus does not change in
response to sucrose concentration, I have shown that these cells respond to
other environmental cues such as light.

The chloroplast and photosynthetic

apparatus undergoes remodeling in response to changes in the light environment
much like a wild-type plant does. Chlorophyll was not synthesized in the dark as
expected.

In addition, the cells photoacclimated to both increased and

decreased growth irradiance. Therefore, these cells have not lost their ability to
respond to external stimuli such as light, but rather they specifically do not
modulate their photosynthetic apparatus in response to external sucrose.
Further investigation into why these do not respond to exogenous sugars could
unravel more about the complex network of sucrose sensing / signalling.
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6. FUTU R E D IR EC TIO N S
The future directions of this research project may be suggested by the
following experiments.
Since our A. thaliana cell cultures remain green and exhibit a normal
photosynthetic apparatus at sucrose concentrations as high as 15% (w/v)
sucrose, they seem to be defective in sucrose sensing / signalling. If HXK1 is in
fact critical to the sensing/ signalling mechanism, it is possible that these cell
cultures in fact are a HXK1 knock-out or null mutant. To determine if this cell
culture is a HXK1 null mutant, one could probe for HXK1 in an immunoblot from
whole cell protein fractions.

If these cells are in fact HXK1-null mutants, one

could try to complement the phenotype by creating transgenic lines over
expressing. If HXK1 is in fact present in these cells, it may have lost its ability to
translocate into the nucleus and function as part of a repressor complex.

To

determine if HXK1 is functioning as a repressor in the nucleus, one could isolate
the nucleus and immunoblot for HXK1 from the nuclear fraction.
interesting

if these

green

A.

thaliana

cell

cultures

It would be

are expressing

the

ATB2/AtbZIP11 transcription factor whose translation should be inhibited in the
presence of sucrose. If the target(s) of the transcription factor is a photosynthetic
gene, it's expression should also be repressed by sucrose. To assess whether
A. thaliana cells show sucrose-specific repression of ATB2/AtbZIP11 translation,
I would immunoblot for the transcription factor.

If the transcription factor is

present, sequence upstream to determine if the uORF (Wiese et al. 2004) is
present.
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Furthermore, A. thaliana cell cultures show a high level of
NPQ from the light harvesting complex.

relative to

Although the exact mechanism

underlying constitutive quenching is still under investigation, there is evidence for
a reaction centre quenching pathway (Bukhov et al. 2001, Ivanov et al. 2008,
Walter and Horton 1993).

This reaction centre quenching is thought to be

associated with charge recombination between QA' and P68o+, which would be
accompanied by changes in the redox properties of the PSII acceptor side. To
determine if high levels of ct>fiD originate from the reaction centre, one could
monitor

changes

in

redox

properties

at the

PSII

acceptor side

thermoluminescence. (Ducruet et al 2007, Sane et al. 2003).

using
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